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range 0.5-400 MHz are described by the sum of two Debye relaxation functions
The ultrasonic spectra for sodium thiocyanate in THF are interpreted as due
to a two step process:

2NaNCsS= NaNCs... NaNCS\:-_“(Na.NCS)2 e
depicting the two steps dimerization of the ion pair NaNCS, the intermediate
being a solvent separated species.” For lithium thiocyanate solutions in THF,
the ultrasonic spectra are described by a single Debye relaxation function,and
interpreted by the dimerization scheme 2LiNCS& LiNCS. .. LiNCS, the product
of the reaction being mostly a solvent separated species, the "contact" species
being probably in lesser amounts than for (NaNCS), in accordance with the
evidence from the infrared spectra. -

A\
\fhe limitations of the infrared method in giving reliable formation
stoichiometric constants in media of low permittivity are discussed. The
advantage of combining the structural information from vibrational spectra
to the kinetic results of the ultrasonic spectra for a molecular interpretation
of the latter ones is reiterated
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¢ Infrared and Ultrasonic Spectra of Sodium Thiocyanate
and Lithium Thiocyanate in Tetrahydrofuran

D. 8Saar,* S. Petrucci
Dept. of Chemistry, Polytechnic Institute of N.Y.

Long Isiand Center, Farmingdale N.Y., 11735

Abstract

Iiilffared spectra of sodium thiocyanate solutions and of lithiuin thiocyanate
solutions in tetrahydrofuran (THF) in the wavenumber range 2000-2200cm™!
are reported. The digitized spectral envelope, which is due to the. out of phase

stretch of the SCN anion, is qnanmativ'ely described by the sum of three

Gaussian-Lorentzian product functions. The three spectral bands are assigned
respectively, to the N-bonded ion pairs (~2057cm™ ! tfor NaNCS, ~2064cm™!

for LINCS), to the dimers or quadrupoles (~2043cm™! for (NaNCS.)Q),

2040cm™! for (LiNCS),, and tentatively to triple fons (2074cm™? for sodium ‘.
thiocyanate, ~2086cm™! for lithium thiocyanate). The maximum absorbances
per unit length of cell are expressed as a function of concentrations by cubic ‘

polynomial functions.

Ultrasonlc spectra for sodium thiocyanate solutions in THF in the fre_--
quency range 0.5-400MHZ are described by the sum of two Debye relaxation
functions. The ultrasonic spectra for sodium thiocyanate In THF are inter-

preted as due to a two step process:
2 NaNCS f=NaNCS...NaNCS = (NaNC85),

depicting the two steps dimerization of the ion pair NaNCS, the imtermecdiate

-
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I - being a solvent separated species. For lithium thiocyanate solutions in THF ,
the ultrasonic spectra are described by a single Debye relaxation function and

interpreted-by the dimerization scheme 2LINCS==LINCS...LINCS, the product

;;;:-;i of the reaction being mostly a solvent separated specles, the "contact™ specles
h:“g%e belng probably in lesser amounts than for (NaNCS), in accordance with the
)‘ evidence from the infrared spectra.

o

:":': -~ The limitations of the infrared method in giving reliable formation
“‘E":' . stoichiometric cb;xstanis in media of low permittivity are discussed. The advan-

tage of combining the structural information from vibratfonal spectra to the

:’:E‘:: Kinetic results of the ultrasonic spectra ror a molecular interpretation of the

52{;‘; latter ones is reiterated. S
.‘

»'tf‘g:s Introduction |
:‘f‘% Recently there has been a renewed interest,! after the classical work of |
& Fuoss and Kraus? of the thirties, in the assoclation and dimerization of electro- '
é:é?; Iytes in media of low permittivity. The practical relevance of these systems, v
%zés especially lithium salts in ethereal solutions, is due to their use in the construc'- ’
3‘ tion of secondary batteries. The knowledge of the state of assoclation of the

4%2%5 electrolyte and of the lifetime of the complex species is essential for the optimal

E:E:g choice of solvent and electrolyte. Despite recent advances in application of

B transport theories of electrolytes,® theoretical new expressions for the formation

:f:; constant of dimers fon-pairs® and triplets,® our knowledge of the structure of

::i" the complex species in solution is scarce or non-existing.

B¢

'f. . To this end a program by vibrational IR spectra combined to the already o

g% existing molecular relaxation dynamic methods (microwave dielectric relaxation 0

..,} : and/or ultrasonic relaxation) has becn initiated. For the present work the elec- —
‘ trolytes sodium thiocyanante and lithium thiocyanate in the solvent THF have i
paY

;“ been examined. For the IR spectra the intramolecular vibration of the anion, odes
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Tx',}; specifically the out of phase stretch of the SCN™ anion,® (or, in the group fre-
quency Jargon the "CN stretch™) and its changes due to molecular environments
have been used as a probe to study the molecular complexation of the electro-
lytes.

Ultrasonic relaxation spectra of the same systems are also reported, using

the structural information from the IR spectra, for their interpretation.

Experimental .

-

The IR spectra have been recorded by a Perkin-Elmer 983G spectrometer,

;‘:.:,:: . using scan times and slit program modes (4 and 16, respectively) slow enough
':E:EE‘: that no spectral distortion was noticed with respect to slower modes. The cells
Zi . were calibrated by the fringe method’ before each collected spectrum. They
‘i;:} were demountable Perkin-Elmer cells with 0.05 mm teflon spacers. Both CaF,
A

Zé;‘-'" and NaCl windows were used, ensuring independence of the spectra ffom thg
;'3:':*' material of the windows, hence their inertness to possible dissolution into the
§§E§ liquid. The ultrasonic instrumentation, data collection and method have been
%:E described extensively in previous works8. Sodium thiocyanate and lithium
B

thiocyanate (Baker reagents with analysis certificate) were re-dried at ~70°C
and 110°C, respectively jn_vacuo (~1mm), in volumetric flasks until constancy
;‘.:;;: of weight. Solutions were prepared by volume addition of THF (Baker ACS)
dried over molecular sieves (5A°) . The molecular sieves had been dried for
E*;:‘? many hours at ~140°C and cooled [n_vacuo. Inrra'red spectra of the THF pro-
ﬁ,{ dﬁct, as received, showed a faint band at ~3300cm™! which disappeared after a
few days exposure to molecular sieves. This Indicated abscnce of water in this
:‘:::-; product, within the resolution of the 983G spectrometer set with an ordinate

R0 scale of 0.25 in absorbance (A = 0.0025/ minimum division).
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Resulis and Calculations

Some of the infrared spectra expressed in absorbance vs, wavenuimber
(cm“‘) are depicted In Figs. 1 and 2. The spectra for sodium thiocyanate show
rather dramatically the relative change of the two visible bands with total con-

centration ot clectrolyte.

For lithium thiocyanate the satellite baud is the one at lower wavenumbers
at variance with the case of sodium thiocyanate indicating qualitatively a

different molecular distribution of the species prescent for the two ciectrolytes.

For the quantitative interpretation of the spectra they were digitized with a
resolution of 2.5 cm™! (1.25 cm™ 'near the peaks and shoulders ). It is known

that Lorentzian functions are particular applicable to gases and Gaussian func-

tions are'particularly applicable® to solids in terms of the band shape of vibra-

tional spectra. For the present case the empirical Gaussian-Lorentzian product,v

function already used before!? has been applied

-— ——~ 2 _——~- 2
Ay = Af(expl gy 4 s B

with A the absorbance at the center band wavenumber 7

J!
(Au),/2 o
0= ———, with (Av),,, the bandwidth at (1/2)A/ for cach band. For the
1.46

o the variance

spectra of the present work it has resulted to be necessary the use of three
Gaussian-Lorentzian bands for a quantitative interpretation of the absorbance

envelope, hence

A=%A;, (J=1,2,3) (11)

i
The parameters used to interpret the spectra are collected in Table 1 for all the
concentrations of sodium thiocyanante and of lithium thiocyanate Investigated
in THI'. Figs 3 and 4 report represcntative plots of the digitized spectra for

sodjium thiocyanate and lithium thiocyanate In THF with the indicated band
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w4 : components (dashed lines) and their sum (solid lines) describing the absor-
b \ )
ot bance envelope

'Yy < .
oy - '
o j( Representative plots of the ultrasonic spectra for sodium thiocyanante and
4 :
i’.’} lithium thiocyanate in THF are reported in Fig. 5 and Fig. 6. For the case of
£hy ]

4,
.,:3 sodium thiocyanate two Debye processes are necessary to interpret the spectra
Lt -
,‘. expressed as excess sound absorptions per wavelength st = (a— Br*)u/f, vs the
'} frequency f. In the above, o is the sound attenuation coeflicient, B is the back-
4 \.‘,qi
:'“ ground sound absorption ratio a/f? at £>>f,,f; with f; and f;; the two relaxa-
I
= tion frequencies, B = (a/t*)t>>1,f;;, u is the sound velocity. Therefore:
JF s "8

Wy
) - (£/1;) (t/f0)
o 1 11
e B o= 2p——————— + 2u——————— (111)
iy 1+ (1/1) 1+ (f/ty)
) where pu; and g are the maximum sound excess absorptions for the two
ig'g Debye processes centered at f; and fy;, respectively.
4 !

h
§§ ‘ Table II collects all the calculated relaxation parameters and the sound
et velocities u for the concentrations investigated for sodium thiocyanate and
"
" lithium thiocyanate in THF at 25°C.

Discussion
V'
“)‘; a) Vibrational spectra
nﬂ‘a'
' ‘ The thiocyanate anion is known to be a potentially ambidentate ligand. It
"
@ fs a linear ion which may ligate through the nitrogen or sulfur atom. The three
-._‘.\‘_
Sy frequencies of the thiocyanute ion are the out-of-phase stretch v,, with charac-
B\
o
"-Zj; teristic frequency at 2050 cm™ !, the in phase stretch v, with characteristic fre-
e
o quency at 735 cm™!, and the bending (double degenerate) mode v, with fre-
W, "
:::fj quency v, = 480cm™!. These group frequencies (here used as a Jargon in place
SAO8
T of the more correct term wavenumber ) change characteristically depending on
o
.,, the coordination mode. Specifically, N-bonded complexes cause an increase of
'SES
\.-}_.
e
‘p'.‘.'
o
i
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vy,v, does not change and v, Increases, whereas S-bonded complexes show a
larger v, Increase but a decrease of both v, and ¥, both being more diagnostic
than v,, in detcrmining the bonding end of the anlon. However solvent bands
often obscure the v, and v, reglons. Previous work!®~!? has established that
with "hard” poorly polarizable ions as Nat and Lit the ion palrs econtact com-
plexes are N-bonded with a respective increase of ~8cm™! and ~152mm~?! of the

center band frequency with respect to the spectroscoplically free (ien a2nd outer-

sphere ion-paired) SCN™ anion.

On the basis of the above, one would attribute the band at =~2057cm™~! for
NaNCS and 222064cm™! for LiNCS in THF (Table 1) to contact fon pairs. No
free ions or outersphere jon pairs are detectable. Past work in this laboratory!®

and previous one by Chabanel et al'? have attributed the band at ~2040 to

contact dimer jon-pairs or quadrupoles (NaNCS), and (LiNCS),.

One has to keep in mind however that the bands at 2057c¢cm™' and
2084cm™ !, respectively could also account for solvent separated dimers
(NaNCs...NaNCS), and (LiINCS...LINCS), which would be spectroscopically

indistinguishable from the monomer species NaNCS and LiNCS.

Therefore, for instance for sodium thiocyanate solutions any calculation of
formation constants based on relations as Agysy; = €pfe, and Agy = egcq is des-

tined to fall if out sphere dimers are present. In the above ¢

p and €q are the

extinction coefiicients of the ion-pair and quadrupolé respectively, Cp and Cq the
corresponding concentrations, che length of the cell. In other words, even if
retained, assumptions as ?.ep = €4 are correct, the calculated Kq = cq/c;j’ is going

to be void of signiflcance if outersphere dimers are present. This is because, in

this case Afy = €46 and Ay, = ¢(c, 4 cS"TPI) | The calculated
K, = cg"“m“/ (cp + c(‘]"“"'s"h“e)2 would then beccome strongly concentration

dependent. Presence of solvent separated dimers §5 consistent with the results

W e A e
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ol ) of the ultrasonic analysis of the data given below.
ox
~
X The small bands at 2074cm™!, respectively for sodium thiocyanate and

lithium thiocyanate have a less deflnite interpretation than the ones for the

other two bands which has also been confirmed by normal coordinale

o analysis!2. We tentatively attribute these bands at 2074cm™ ! and 2086em™! to
?,j triple ions existing at ‘lower concentration thzn the other specles. The latier is
§ suggested by the smaliness of the A°'s.
5‘ ’} Because of the above considerations, we think that It is safe not o over
:;:;:: - extend vibrational spectrometry beyond its present capability in trying to calcu-
‘:g . late formation constants at low permittivities where, because of electrostatic
'-:é% forces larger population of outersphere dimers may exist. The same warning
.._ referred to lon pairs, in solvent of intermediate permittivity, was given by some
L: of us in a past work!®, The method may by approximately correct for fon-pairs
Iy
I’\ K in aqueous solutions because of its large permittivity, although even in this case
.ﬁs for metal (II) sulfates, large concentration of outer spec}es fon pair appear to
E,“:: exist.}* Accordingly, we have only calculated the concentration dependence of
ig:':‘ the individual maximum absorbances per unit length of cells Q, by fitting the
2 }‘.‘\ data to cubic polynomials as reported below.
l‘ i“ For sbdium thiocyvanate in THF: '

i~
P
Le_n

v Aoz = ~0.31 + 603.1c + 2187.5¢%- 8640c3; r? = 0.998
..J'}

: ASos7= 0.1996 -+ 516.6¢-+483¢?- 4942¢% 1 = 0.908

o o

T A o4 = 0.0131- 56.34c+1195c*~ 2334c%; r° = 0.999

B e

r('\;l:

t"; For lithiumn thiocyanate solutions in THF

o

a,

e (Azo40/9 = =0.0006 + 51.080¢+379.80¢2- 285.05¢%; r? = 0.00999
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(AZoga) = —0.252 + 1610.7¢ + 5395.9¢* + 13,490¢%; r* = 0.0987

A Sosog= 0.1170-17.180¢;+1254.4c%- 3320.8¢% 1% = 0.9925

The above expressions have been calculated by non-linear regresston giving
5097 statistical weight to the origin . It is notcworthy that the bands at
2043cm™! and 2064 c¢cm™! for sodium thiocyanate and lithium thiocyanate solu-
tious may alzc be expressed as simple linear functions of ¢ with an alinost comn-

parable determination coefficient r? (dashed lines in Fig. 7) and Fig. 8.

FFor sodium thiocyanante in THF:
ASorsg = —0.34 + 714.2¢; 17 = 0.997
For Pthium thiocyanate in THFE:

A fo6s,g = 3.08 +111.1¢;r% = 0.9948

~

Froin the analysis of the IR-spectra it would appear therefore that contact
dimers are the dominant species for sodium thiocyanate in THF with an almost
comparablec amount of “"spectroscopically” free monomers (free ion-pairc znd
outersphere dimers). On the contrary for lithium thiocyanate in THF, thg
latter two specics appear as the dominant species. This is in line with the rela-

tive solvation tendencies of Lit vs. Nations.

b) Ultrasonic Spectra

The ultrasonic spectra and the data collected in Table II for sodium
thiocyanate in THF can now be interpreted on the basis of the structural infor-
mation gathered through the IR-spectra. Simple concentration distribution cal-
culations of the various species present in THIF with reasonable formation con-
stant parameters a5 K = 10°M7 1K = 10°M7 wnd Ky = 1¢M™7 (for the ion
pair, triple and quadruplc forination constants) reveal that in the coucentration

range 0.05 to 0.2M the jon pair and guadrupole concentrations are of the same
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195 %
N -0- {
A, ! order of magnitude but that ¢,,cq>>cq, the triple lon concentration.
.7'5
139
?_*? It Is therefore unlikely that the source of any of tie two Dcebye relaxation
Ll
. processes be due to equilibria Involving triple fons. Accordingly, we have inter- !
\ %) |
AN I
,1}:; preted the ultrasonic relaxation spectra for sodium thiocyvanate in TIIF accord- j
-,L;.J» ing to the two step dimerization equilibrium
|
K, K,
2 AB &2 AB...AD &= (AB),
k_, k_,

' where
AB = NaNCS§, AB..AB = NaNCS8...NaNCS and (AB)2 = (Na]\’-CS)2

The above leads'® 1o two relaxation times 7; and 7,;, wWhere

i = 1/2[5+ Vs*- 4P|

S=r' ¥ 75" = 4k, (AB) + k_, + k; + k_,
&

P = r{xrg! = 4k,(AB)(k, + k_p) + k_ k_,
and

it =2enf,rgt = 2nty.

>

Assumihg as a first approximation AB=Zc, the stoichiometric concentra- i

»

tion, Fig. 9A and Fig. 9B have been constructed. ‘

N
s
sy

'.'-t

° Linear regression of S ys ¢ gives slope 1.37x10°%, Int = 3.55x10® r2 = 0.96

-,‘:::{

{:: Linear regression of P ys c¢ gives (Slope)’ = 1.94x10’7 (Int)’ = 1.86x10"°,
o

{;‘_} 1% = 0.94, from which the four kinetic rate constants k;,k_;,kp,k_, the forma-

{,{: tion constants K; = k,/k_,, K; = k,/k_, and the dimerization constant
{-."

7, Kq = K;(1+I,) have been calculated (Table III). .

e

:. A second approximation has been performed using Kq = 26M~! v calcu-
,". late ¢, = (AB).

et St A e s SN el RSN
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The new sequence gives Slope = 6.74x10% Int = ¢.62x108, r® == 0.03 for S
vs ¢, but (Slope)’ = 9.46x10%7, (Int)’=0, r® = 0.60 for I> ¥s ¢ making impossi-

ble further progress without a reliable figure for K-

Iror lithium thiocyanate In THF, a single Dcbye process sufiices to inter-
pret the ultrasonic relaxation data. The infrared data indicate that the contact
specics (LINCS), are In minor concentration (as well as the assigned triple fon
specie:), the malr species being the “spectroscoplcally irce” LINCS pair. The

~latter mayhe a eSmbiiation of LINCS and (LLINCS...LiNCS) species.

Consequently we have interpreted the ultrasonic spectra for Jjithium

thiocyanate in THF as due to the process

Ky
2 LINCS = (LINCS...LiNCS) (1V)
kr

where the product of the reaction maybe mainly (LINCS...LiNCS) with a minor
percentage of contact (LiNCS)z. Both species will be symbolized here as
(LiNCS...LLINCS). Notice in fact from Table JT that the visible relaxation fre-
quency for lithium thiocyanate solutions 0.1M (f; = 80MH2z) is comparable with
fy = 70 MMz for sodium thiocyanate solutions 0.1M, whereas I‘”.= 7MHz.

Scheme 1V, leads to the relation!®

7= = 4k (LINCS) + k;, = 4K (AB) + k; (V)
with ' ‘
(AB), o e
Ky =(~— ) =X/k;3  (AD); = (LINCS - - * LINCS)

(AB)®
By calling in zeroth approximation (AB) = ¢, linear regression of 77 ' ve ¢ gives
;‘.‘_}( o= 0.97 .slope = 1.9(«x109, Int = 1.85):1()3, from wvhich one caleulates
.
F..
.- K == 4.0x10°M7 s 1k = 1.8x10%7 1, K, = 2.6,M7 1. (Figl0)
o
=
-
-
L
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A series of successlve approximations is started with the initial
K1=2.65M". After seven approximations convergence is obtained with

K, = 6.6M™ !, k; = 0.5x10°M~!s7 !, k, = 1.5x10% !,

Notice that the zeroth approximation k; = 4.9x108M~ 151! s comparable
with the value of k, = 3.4x108M~!s™! calculated for sodium thiocyanate in
THYF, reinforecing the above interpretation of the ultrasonic relaxation of lithium

thiocyanate leading mainly to outersphere dimers.

Conclusions

The combination of vibrational spectrometry and ultrasonic spectromectry
in electrolyte solutions of low permittivity, leads to complementary information
of invaluable importance in the interpretation of the relaxation spectra by ultra-
sonics. Instead of guessing the species participating the chemical equilibria
being disturbed by the sound wave, one has indication of their presence by
infrared spectra in a comparable concentration range. On the other hand, as
any other method, vibrational $pectra seem to have limitations in their apparent
inability to distinguish between "free species” and "solvent separated species”
leading to interpretation errors if one ignores the possible presence of the latter

ones.

Work is now in progress with other lithium electrolytes more likely to be
employed in solutions used for battery construction.
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Table 1

Calculated infrared parameters from fitting the digitized Infrared spectra to the
Gaussian-Lorentzian product function:

(7 - p)? (v- 1)?
2 1+ 2

A =3 AP |exp |-
J

With 0 = (AV;), 4, for NaSCN and LISCN in THF.

NaSCN'*

CcM d.mm A, Voois (AV) g Ay Vaos1  (AV)ip  Afry  Dagra
0.198 0.057‘ 0.79 2043.5 13 0.47 2057 13 0.10 2074
0.148 0.057 0.60 2043 13 0.42 2056 13 0.06 2074
0.103 0.050 0.40 2042.5 13 0.25 2057 13 0.02 2074
0.050 0.051 0.17 2042 13 0.14 2056.5 13 0.005 2074
0.025 0.059 0.080 2042 13 0.087 2057 13 - -

LiSCN*

CcM §(mm) A, Voo (AV)y A, Vooss (AV)ip  Afss  Uaose
0.268 0.056 0.20 2038 14 1.70 2065 14 0.12 2088
0.210 0.056 0.14 2040 14 1.26 2065 14 0.12 2086
0.100 0.057 0.05 2040 14 0.67 2064 . 14 0.04 2086
0.066 0.061 0.03 2040 13 0.58 2063 13 0.015 2086
0.042 0.056 0.016 2040 13 0.29 2064 13 0.018 2086

*D; and (Kz/,-)l /,2 are expressed in ¢cm™?!
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-
B

g

= e
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A A

-,
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13
13
13
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(AV)xn
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14
14
13
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Table 2

O Ultrasonic relaxation parameters and sound velocitics for NaSCN and LiSCN in
o THF at t=25°C

NaSCN

ux10~ 5
(cms™!)

Bx10'7

i1
(em™1s%)

(MHz)

IIHXIOS

ol C px10° f,
(MHz) -

(M) -

1.289
1.304
1.284
1.291

124
124
126
130

0.20 315 00 40 12
"l 0.158 260 80 35 10
R 0.11 210 70 15 7

0.056 95 65 10 6
LiSCN

1.282
1.279
1.283
1.283

112
122
126
124

0.10 370 60
0.066 140 50
0.042 150 415

0.024 85 35
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A Rate constants and equilibrium constants for the dimerization of NaSCN in
AN l§ 1

v THF according to the scheme 2NaSCN o~ (NaNCS ... NaNCSs)
» k.,

¢ -

i (NaNCs),

;:
k

-2

ey 1st appt. (NaNCS) = ¢

i K,(M™ s 1)
e K_y(s™!)
. K,(M™7)
A ky(s™1)

g k_o(s™")

3.4,%x108
2.15x108
1.6
1.3,x10%
8.7x10°
15.3
26.,

n

n

K1, (14K,) (M)

LA

hQANL!

L)

B W8 0e? 1,0°9 879,07
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